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TECHNICAL MEMORANDUM NO. 352. 



EFFECT OF CHANGING THE iJEAN CAMBER OF AN AIRFOIL SECTION.* 

By A. Tous saint. 

Methodical experiments with the series of airfoil sections 
of the same relative thickness and of variable relative cambers 
can be utilized for determining the effect of the camber on the 
aerodynamic properties of airfoil sections. 

Technical Bulletin No. IS, of the S. T. Ae'. (Service Technique 
de 1' Aeronaut! que) contains the results obtained at the Aerotech- 
nical Institute vzith a series of Royer airfoils derived from an 
initial biconvex section. These airfoils are numbered from 13A to 
21A (or SG96 to SC104) and the 9 sections tested are represented 
in Fig. 1. The mean maximum thickness, of all these sections, is 
17.4^. As shown in Fig. 1, all these sections have a common for- 
i-'ard portion, the shape of which is practically semi-elliptical. 
The mean camber of each section was first determined from an accu- 
rate drawing; then its corresponding chord was drawn (as defined 
by the "Normalization Commission") and the following measurements 
were made: 

1- The angle i' between the chord bi tangent to the lower 
cpsiber and the corresiDonding chord of the mean camber. 

3. The ordinate o/c of the mean camber with reference to 

its corresponding chord . 

* From La Technique Ae'ronautique, 1923, Oct. 15 pp. 780-788, and 
Nov. 15, pp. 807-818. 

Note- The Cg, Cx and associated symbols have been retained. 



The results of these measurements are given in the following 



table: 



Airfoil No. 


13 A 


14 A 


15 A 


16 A 


17 A 


18 A 


19 A 


20 A 


21 A 


o/c max. ^ 


0 


1.4 


3.3 


4.6 


6.4 


7.15 


8.0 


8.85 


9.25 


i* (degrees) 


0 


+6.30 


+5.10 


+4.50 


3.60 


3.20 


2.80 


2.40 


2.20 



Then taking for reference, the angles i formed by the cor- 
responding chord of -the mean camber with the relative wind, the 
unitary curves and were plotted against the angles 

i = ttc + i' Figs- 2 and 3 give these unitary curves, i being 
the angle of incidence with reference to the chord bitangent to 
the lower camber. 



1. Effect of o/c on Gz -- The unitary curves in Fig. 3 are 
regularly staggered with respect to one another. There is no 
overlapping, except for the curve relative to airfoil 21 A, for 
which o/c = 9.25^. 

Let us first consider the unitary curve relative to the bi- 
convex airfoil No. 13 A. According to the theory of Joukowski, 
the theoretical lift of an airfoil section is given by the for- 
mula 



2 TT 



1 + ( — ) + 

V c / c 



2o 



sin arc tan ^ + ^o 



io) 



in which o/c is the maxiimim ordinate of the mean camber of the 
section with respect to its corresponding chord and 6/c is a 

ratio which depends essentially on the maximum relative thickness 
(m/c) of the section. 
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In the Joukowslci sections v^e have 

2^ = 2.2 -to 2.6 - 
c c 

Let us suppose this formula can he applied to the Royer air- 
foils. For the 'biconvex airfoil the formula hecoraes 

Czo = 3 f 1 + sin i . 

On making 

m = 2.4 - 

c c 

we have 

26 = 0.145 
c 1.2 

The value 2.4 was chosen by comparison -^/ith JoukOTski sec- 
tions of similar relative thickness to that of 13A. The theoret- 
ical 3ift for airfoil No. 13A (for infinite aspect ratio) is 

= 7.2 sin io 

For a limited aspect ratio A, V7e must add to the angle 
io the corresponding value of the induced angle 

= n ^ A 

For the Royer airfoil, A = 6 and the induced angle is 

i^ — ^Zq ~ 3*05 

We can therefore calculate the unitary curve of the theoret- 
ical lifts for the aspect ratio 6. Fig. 8 gives these theoreti- 
cal lifts. It is evident that the theoretical lifts for the aspect 
ratio 6 can be represented by 



th = 5.23 sin ±q 

Lastly the experimental lifts for airfoil No. 13A were repre- 
sented in the same figure. They can slso he represented by the 
expression 

Czq m = 4.22 sin iQ 

In short, it is obvious that the experimental lifts, in the 
domain of the angles of attack for which the flow takes place 
without much discontinuity (say up to iQ = 14 to 15°), are equal 
to 4.22/5.22 = 0.8 of the theoretical lifts. 

The value of this relation has already been demonstrated for 
other airfoils and it would seem very admissible for the charac- 
teristic value for tests in which VI = 5 m^ sec 

Let us now consider the other Royer airfoil. The identifica- 
tion of the experimental lifts v:ith the theoretical can be imde. 
The mean camber of the section and the corresponding relative 
ordinate are obtained, however, from measurements which only take 
account of the geometrical shape of the sections. From the aero- 
dynamic standpoint, it may happen that the flow around these sec- 
tions corresponds to a mean camber and relative camber different 
from those measured. It seems that this is indeed the case, 
since, if we consider the angles 7 (airfoil-section angles) cor- 
resoonding to zero lift, we find that these angles differ from 
those corresponding to the geometric relative camber. In other 
terms, we have 

tan 7 =/= 
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It is therefore importa^nt to find an empirical relation be- 
tween tan 7 and 2 o/c which will take account of the experi- 
mental result, i.e. of the actual flow around the airfoil sec- 
tion under consideration. We thus obtain the following table: 



Airfoil No. 


13A 


14A 


15A 


16A 


17A 


18A 


19A 


20A 


21A 


2 o/c $ 


0 


2.8 


6.6 


9.2 


12-8 


14.3 


16.0 


17.7 


18.50 


arc tan 
2 o/c 


0 


1,6° 


3.80° 


5.30° 


7.30° 


8.15° 


g.icP 


•10.05° 


10.50° 


7 


0 


-1.6° 




-4° 


-5.50° 


-6.2CP 


-6.55° 


-7.1° 


-6.20° 


tan 7 1o 


0 


2.8 


5.24 


7.0 


9.63 


10.85 


11.4 


12.3 


10.85 


The variations 


7 in 


terms 


of arc 


tan 2 o/ 


c are 


shown in 



Fig. 2. Tife may closely approximate these variations by such an 
expression as 

7 = 0.75 arc tan 2 o/c 

or, 

tan 7 0.75 x- = 1.5O o/c 

0 

In short, the theoretical lift of Royer airfoils for infinite 
aspect ratio is expressed by the formula 



°Zth = 2 TT 



y 1 + (tan7)^ + sin (7 + io) 



tan7 = 0.75 x 



l2o_l 



The maximum value of tan7 is about 0.12, or ( tan7) = 0.0144. 

The coefficient 2 TT J \ ^ (tan 7 f differs but little, there- 

c 

fore, from 2n (1 + -p-) , but the value of 6/c is connected 

c 

with m/c by a relation to be determined by experience. 
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fox this purpose we have calculated the values of the ratio 
Gze- sin(Y + io) for airfoils No.l7A ( o/c = 6,4fo) and Wo.20A 
(o/c = 8-85^). T/Ve obtained a mean value of about 4.2. The same 
coefficient can therefore he adopted as for the biconvex airfoil. 
Tt is then readil;'- shown that the experimental lifts 
Cze = 4.3 sin{y + iq) = 4.2 sin^- are still equal to 0.8 of the 
theoretical lifts for the aspect ratio 6. The effect of o/c on 
the lift will then be given by the difference 

Cz - Czq - 4.20 [sin(T + io) - sin Iq] 

Within the limits of the angles of attack employed in avia- 
tion ard for uiaximum cambers of less than 10^, Gz - Czq is prac- 
tically equal to 

Cz - Gzg = 4-20 X tan7 = 6.3 o/c 

Fig. 1 gives the experimental variations of Cz - CgQ in 
terms of o/c and it is evident that the straight line represent- 
ing the above relation passes through the mean of the experimental 
points for all values of o/c belov; 8-5'fo and for the -a angles 
betvjeen -5° and 12*^. It may be noted that the accuracy of 

"" "^ZQ is much less than that of the total coefficients 
and CzQ. The accidental deviations from the mean straight are 
therefore perfectly justified- 

This ratio is not accurate above o/c = S.&fo. We have found 
this anomaly to be due to the particular drawing of the S«T.Ae. 
airfoils 20A and 21A- 
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Verification of the above Ra^tlo .- It is extremely interesting 
to verify the above ratio for another series of airfoils of varia- 
ble camber Y/ith a different relative thiclmess. The tests recent- 
ly made in the Eiffel laboratory, with a series of airfoils proposed 
by Mr. Lachassagne, have provided us the data for this verifica- 
tion. This series coniprises five airfoil sections, the character- 
istics o/c and i' of wh3 ch are given in the following table. 



Airfoil No. 


E 


429 


E 430 


E 431 


E 432 


E 438 


o/c max. ^ 
i» 


2 


.67 

0 


4.73 
+1.45° 


5.9 
1.33° 


7.67 

1.20° 


9.0 
1.00° 



Fig. 4 gives the unitary curves in terms of the angle of 

attack i = i' + Oc of the different airfoil sections, being 
the angle of attack with respect to the chord bi tangent to the 
lower camber. It is seen that these unitary curves are regularly 
staggered and that the ratio between the zero angle of lift (or 
airfoil-section angle) and the angle corresponding to the maximum 
camber can be determined as before. Thus we find 

7 = 0.72 arc tarf;' 2 o/ c 
tan 7 = 0-72 X S o/c = 1.44 p/c 



or 



We can then cplculate the coefficient of the formula for the 



theoretical lifts. The maximum thickness of the Lachassagne air' 
foil sections being about 9.6'^, we obtain (as for the Royer 
foils) 



,/ 



25 ^ 0.096 
c 1.2 



0.08 
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and consequently 

2 -rrfi + = 6.77 

For theoretical lifts relative to the aspect ratio 6, the 
same reduction can be admitted as before. 

6,77 X = 4.9 

Lastly, we find that the experimental lifts are still equal 
to 79 or QOfo of the theoretical lifts and we have 

Cze = 3.93 sin (7 + i) 

The differences in lift for two different cambers can there- 
fore be expressed by some such formula as 

(o, /cj - Cz (og/c^) = 3-92 (7, - 7^ ) 

= 5. 65 (Oj /cj - Og/cg ) 

Experience gives 

5.85 X A o/c 

We find, moreover, that the symmetrical biconvex wing, Y/hich 
might be considered as the basis of the Laohassagne series of 
airfoils, has an experimental lift Czq = 3.92 sin ±q in the do- 
main of the angles of attack of a good airfoil section- 

Another confirmation can be found in the results obtained 
with a series of Dewoitine airfoils tested at Saint Oyr- These 
are the S.T.Ae. airfoils 25A to 28A, whose characteristics are 
given in the following table and represented in Fig. 5. 
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Airfoil No. 


25 A 


26 A 


27 A 


23 A 


o/c max. 


3.0 


5.0 


7.33 


11-33 


i' 


5.0° 


4.3° 


3.05° 


2.65° 



In Fig- 6 the unitary curves are plotted against the 

angle of attack i = i' + Op. It is evident that 

7 = 0.78 arc tan ^ 

0 

or, tan 7 = 0.78 x 2 o/c = 1.56 o/c 



The relative maxifflum thiclcneGS of these airfoils is practi- 
cally equal to that of the Royer 8.irfoils. The theoretical and 
experimental lifts raust therefore be expressed by the same formu- 
las and we have 

Czg - Gz, = 4.18 (7, - Tg) 

= 6,55 (Oj /Cj - Og/cg ) 

Fig. 6 gives the experimental differences which verify the 
foregoing ratio with a very close approximation. It is also man- 
ifest that the imaginary biconvex airfoil corresponding to these 
airfoils TOuld have experimental lifts Czq = 4.18 sin Iq, the 
same as the Royer airfoil No. 13A. 

Lastly, let us consider airfoils 429 and431 of the G<Bttingen 
Laboratory. These airfoils have practically the same thickness 
m/c = 11, &fo and the biconvex airfoil No- 429 may be considered 
as the basis of airfoil No. 431, for which we have 

o/c = 7.0fa and i' = 1.70° 



The expeximental data contained in Prandtl's ■book gives, 
for airfoil 439, G^q = 2,8 when i = 0- This is doubtless due to 
e, slight lack of symmetry in the model. We have corrected the ex- 
perimental values by reducing the Cg by 2,8 and subtracting the 
corresponding induced drag from the measured Cx« 17© will first 
consider the Og* The coefficient of the theoretical lifts for 
the infinite aspect ratio is then 

2n(l + ^^^) = 6.88 

If we add the induced angle corresponding to the aspect ratio 
5, this amounts to multiplying the coefficient by 0.703 

6.88 X 0.703 = 4,84 
The experimental lifts of airfoil No. 429 can be represented 
by the equation 

Czq = 4.1 sin io 

from which ve conclude that the ratio of the experimental to the 
theqretipal lifts, for the aspect ratio 5, would be 
4,1/4.84 = 0»845. This value is very admissible, being given the 
product Vl relative to these tests (VI = 6 m® sec.)» Under 
these conditions, the lifts of airfoil 431 are given by 

Cz = 4.1 sin (7 + i) 

we fipd that 

y = 9.5° - 1.7 = 7.8° 

and siijce 

arc tan ^ = 8.6° 
c 

we have p 

tan7 = 0,905 x ^ = 1.81 o/c 
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Hence, 

AO2 = 7.4 o/c. 

This equation is conlirmed by experiment for all angles of 
attack between -6° and +13*^. 

O oncl-usion s."- The difference of the lifts (Cg^ - Og^), for . 

3.11 angles of attack at which the flow takes place without much 
discontinuity, for tT70 wings of the same series, with maximum 
cambers o^/cj and O3 /cg , is proportional to the difference 
(o^/c^ - o^/c^). 

The proportionality coefficient P is a function of the max- 
imum relative thickness m/c and is expressed by the formula 

(aj Goo 1.2 c ' o/c 

The numerical factor 5 obtained from the product of 2 tt 
times the calculated ratio of the theoretical and experimental 
lifts, or 0.8 for recent vvind tunnel experiments (Vi =5 to 6 kP sec-) 
Ca/Oo, is the calculated ratio of the theoretical lifts for the 
finite aspect ratio a and for the infinite aspect ratio. For 
a = 6 we found Ca,/Coo - 0.725, so that 

P(e)= 3-^3 (1 i-^/z) 
7 

Lastly, the ratio -^j^ is the quotient obtained by dividing 
the zero angle of lift (expressed in radians) by the maximum rel- 
atix''e carjber (o/c). 

Cz^ - = 6.28 X 0.8 X ^ (1 + ^-|-^) >: [o,^- O3/C3] 

or. 



The ratio -7— is constant for any given m/c. It seems to 

O/C 

increase slightly with m/o. 

(-i- = 1.44 fox 21 = 9.6f« and (-7-^ = 1.50 for ^ = 17. 4f.) 
\ o/c o ^o/c/ o / 

A G 

We may conclude that ^ (q/c ) increases ^vhen m/c increases. 
The relative increase in thickness is therefore favorable to in- 
crease in lift. 

Effect of o/c on Cx -- Fig. 3 shows that the unitary curves 
are regularly staggered with reference to one another, except 
for the o/c of 8.85 and 9.25^. For the latter there is an over- 
lapping, the same as for the O^- l^e can express Cx - Cxq, for 
any given angle, in terms of o/c. Thus we find that, for positive 
lifts 

but this relation does not prove strictly true in the neighborhood 
of Cx minimum. We have tried to discover a more accurate form- 
ula by proceeding as follows: 

a) Study of unitary drag for the biconvex airfoil .- The uni- 
tary drag Cxq of the biconvex airfoil may be considered as con- 
stituting the sum of several components, to wit: 

1. The minimum drag at the zero angle of lift, ^XpO' This 
drag corresponds practically to the friction of the air on the 
airfoil section for the case of flow without lift. 
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3. The increase of this frictional drag ACxpo^ when the 
distri'bation of the dynamic pressures and velocities is changed 
along the airfoil section as a result of the flow with lift". ' 

3. The induced drag due to the lift. 

4. The drag Cx^ due to discontinuity of the fluid filaments 
along the contour, which produce "Karman" vortices with the ap- 
pearance of a rapidly increasing supplementary drag. Hence we 
have 

0 ^ 

We shall try to find the value of each of these drags. 

1. Minimum drag of wing section .- According to the experi- 
ments, this drag is ^XpQ ~ 0*8. It may generally be calculated 
with sufficient approximation, when the coefficient of friction 
of the air on the exterior surface of the wing section is known. 
(It is knovm that this coefficient depends also on the character- 
istic TDroduct VI.) For a closer approximation, it would be well 
to know also the distribution of the pressures or velocities along 
the contour, as given farther along for the evaluation of L ^x^q- 

5. Increase of drag due to friction .- Vflaen the angle of at- 
tack is increased, the distribution of the pressures or velocities 
is modified. The upper camber of the airfoil is the seat of dy- 
namic negative pressures and the corresponding velocities are 
greater than the average velocity of the air stream. The reverse 
is true of the lov^er camber* On an element dS of the wing sec- 
tion, the elementary drag dF, due to friction, is given by the 
formula 
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dS cosa bsing the tirojection of the element of the airfoil sec- 
tion on th6 direction of the air stream. Let us consider the 
diagram of thq dynamic pressures for a certain lift. The abscissa 
is equal to Z dS cosa . Consequently, the air F, of the sur- 
face EDABOKE (Fig. 8), corresponding to the negative pressures 
of the upper camber, v/ill have the vr.lue 

F, = Sjn dS coB^. 

2 g 

In like manner, the air , corresponding to the pressures 
of the lower camber, will be 

,,2 

F- = Si dS cos^ 

The formula 

X. = F., + F3 ^ ^i -«• ^m 

2 AB X AD 2 Vq^ Z dS cosa 

gives the increase in drag due to the friction resulting from the 
distribution of the velocities along the contour. This formula 
varies therefore with the lift, i.e., with the angle of attack. 
The frictional drag is then 

F = X Co 1-^^ Z dS cosa 
2 g 

or, in unitary drag, 

AOx^Q-XC, X ^ciS^oosa 



pO 
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For a theoretical airfoil section, calculated and investi- 
gated experimentally in a horizontal parallel air stream, Betz 
obtained the values of X corresponding to different lifts Cg- 
We have remarked that the values found by Betz can be exactly rep- 
resented by the simple ejqpression 

\ = 1 4- 0.25 Cz 

This expression evidently depends on the shape of the airfoil 
section. For the present investigation, however, we are assum- 
ing that it applies to all the airfoil sections. Thus we obtain 

H Gxpo = 0,25 X Cxpo 

.3. Induced drag .- This is readily calculated, by known for- 
mulas, in terms of Cg and of the real or reduced aspect ratio 
ir lVs) of the given surface. 

4. Drag due to discontinuities Cx^^'- In our present ignor- 
ance of the circumstances producing discontinuity and the correl- 
ative vortices, the value of 0^^ can only be determined experi- 
mentally by the difference between the total drag and the par- 
tial calcula,ble drags. The following table gives the calculation 
data for the biconvex section STo. 13A. 



1 



C 



0° 


2.5° 


5.0° 


7.5° 


10.0° 


12.5° 


15° 


0 


0-185 


0.365 


0.55 


0.73 


0.90 


1.05 


0.8 


0-837 


0.873 


0.91 


0.945 


0.98 


1.015 


0 


0.183 


0.705 


1.61 


2-825 


4-30 


5.85 


0.8 


1.020 


1.578 


2.52 


3.77 


5-28 


5.85 


0.8 


1.05 


1.75 


2.90 


4-32 


6.28 


9-30 


0 


0.03 


0.172 


0.38 


0.55 


1.00 


2.44 
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These values of Gx^ for the iDiconvex airfoil appear to in- 
crease in Cg'^, at least for the angles corresponding to lifts 
below = 0.9, above which they increase still Kore rapidly^ 
especially after exceeding the angle of maximum lift. 

b) Study of unitary drag for airfoil of any ordinate .- We 
can ar)ply to any airfoil the same reasoning as for a biconvex air- 
foil and write 

Cxo = Oxpo + ^Cxpo + Cxi + CxcL 

For example, let us consider airfoil No. 17A, for which 
o/c = 6.4fo. T/Ve find experimentally that Cxg ^ = 1-1, but ive 
must take the minimum theoretical C^, or 1.03.* We can then m.ake 
out the following table. 



i 


= -5° 


-2.5° 


0° 


2.5° 


5° 




= 0.035 


0.23 


0.415 


0.60 


0.78 


(Gx^+ ^Cxp) 


= 1-01 


1.06 


1-10 


1.155 


1.20 




= 0 


0.28 


0.91 


1.90 


3-25 


■^p ^1 

Gx 
•^exp 


= 1.01 
•= 1.15 


1.34 
1.30 


2-01 
2.00 


3.05 
3.06 


4.45 
4.45 




=+0.14 


-0.04 


-0-01 


+0.01 


0.00 



* We must take Cxg 4 without initial discontinuities- Accord- 
ing to the variation of Cxjj^ with o/c, this Cxpo is given 
by the formula 

Oxpo = 0.8 + 0-037 o/c 

or for 

o/c = 6.4 Ox-nn = 0.8 + 0,23 = 1.03 
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T a^le iCont.) 



i 




7.5° 


10° 


12.5° 


15° 


17.5° 




= 


0.955 


1.11 


1 .24 


1 . 35 


1.405 


(Oxp+ AGxp) 




1.24 


1.28 


1.31 


1.S40 


1.49 






4.85 


6.55 


8.17 


9, 70 


10.05 






6.09 


7.83 


9.48 


11.04 


11.54 






6.2 
+0.11 


8.30 
-0.47 


10.75 
1.27 


13.80 
2.76 


17.55 
6.00 



It is seen that the discontinuities are generally zero, dovn 
to lifts less than Cj; ~ 100. Thus airioils possessing a certain 
camber appea.r to conform better to the lifting flow than the bi- 
convex airfoil. The values of Ox^ 3.gain increase very rapidly, 
vThen 776 approach the angle of inaximurxi lift. Let us again take 
airfoil 19A for rhich o/c = B9c>. We obtain = 1«8, but must 

take 1.1. ViTe ha-ve the following table. 



i 


-O 

= -o 


0° 


5° 


10° 


lo 


19° 


Cz 


= 5.25 


0.52 


0.905 


1-26 


1.465 


1.465 


Cxp+ ACxp 


= 1.13 


1.24 


1.35 


1.45 


1.50 


1.50 


Cxi 


= 0.08 


1.44 


4.35 


8.43 


11.40 


11.40 




= 1.21 


2.68 


5.70 


9-98 


12.90 


12.90 




=- 1.85 
0.64 ■ 


3.10 
0.42 


6.20 
0.50 


10.70 
0.82 


15.50 

1 2.60 

1 


23.60 
10.70 
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The pocitive valties found for Ox^ show that the initial 
discontinuities confcjnue at all angles of attack. Lastly, let us 
take aixfoi] No<vl5, for which o/o - 3.3^. It has l^een found 
experimentally that ^ , = 0.9S. The following tahle is com- 

po » o 

piled like the preceding one. 



i = 


-2.5° 


0° 


2.5° 


5° 


7.5° 




0.035 


0..*32 


0.405 


0-585 


0.77 




0-93 


0.9V 


0.995 


3 .05 


1.096 




0.006 


0.26 


0-87 


1.82 


3.15 


Cxp+ ACxp+Cxi 


0-936 


1.23 


1.865 


2.87 


4.245 


Cxe 


0.9S 


1.2 


1.86 


2-95 


4-35 




-0.016 


+0.03 


+0-005 


+0-08 


0.105 



i 




10° 


12.5° 


15^ 


17.5° 






0.935 


1-09 


1.225 


] .26 


(Cxp+ ACxp) 




1.133 


1.17 


1-20 


1.21 






4.65 


6.30 


8.00 


8.45 


Cxp+ AGxp+Cxi 




5.583 


7.47 


9.30 


9.66 


Cx 




6.10 


8.30 


11.01 


14.20 


°^d 




0.33 


•0,83 


1.85 

1 


4,54 



- - Here the discontinuities remain sero or negligible for lifts 

below Cz = 90. The minimum airfoil section drag corresponds 

therefore to the flow without initial discontinuities. This 
study leads to the following conclusions- 

1. The airfoil section drag increases in proportion to the lift. 
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2. The minimum airfoil section drag may be taken as initial 
reference, so long as the section is not too cur'/ing and does not 
produce too large initial discontinuities. It is, moreover, easy 
to take account of the limit of o/c, which causes a,n increase in 
this initia.1 drag due to the airfoil section. In fact, from the 
exr)erimental curves C;^ we obtain the following value b: 



Airfoil 


No. 13 A 


14 A 


15 A 


16 A 


17 


A 


18 A 


19 A 


20 A 


21 A 


o/c fo 


0 


1.4 


3.3 


1 

4.6 


6. 


4 


7.15 


8.0 


8.85 


9.25 


C. m.in. 


0-8 


1.89 


0.92 


0.95 


1. 


1 


1.45 


1.8 


2.1 


2.2 


Ip 
^xm 


n 


-1° 


-3.4 


-3.4 


-4. 


4 


-5.2 


-5.8 


-5 


-3.25 


The graphic presentation 


of these 


d? 


ta (Fi| 


5' 3), 


shoTTs 


that : 



a) For values of o/c not exceeding 6%, we have 



Cx^_ + 0.037 ( (o/c) in i 
■^-po -^0 V c ^ 

CxpQ = 0.8 + 0.37 o/c for Royer airfoils. 

b) For values of o/c not exceeding 6fo, the minimum airfoil 

section drag given by the above forrnala must be increased about 

(o/c - 6.2). Thus Y^e obtain 

Cx„ = n + 0.407 2. _ 2.3 
•^o "TjO c 

or 

C-sr = 0-407 - - 1.5 for Royer airfoils, 
■^po c 

The increase to be applied to Gx^^ corresponds to the initial 
discontinuities, vzhich e.re doubtless produced under the intrados of 
the cambered airfoil sections at angles near zero lift. It is more- 
over, observed that, for negative coefficients of lift, the same air- 
foil sections quickly produce large drags, o\7ing to the rapid in- 
crease of the initial discontinuities. 

c) The angle for Tvhich Cx is minimum is practically equal 
to 85^ of the angle of zero lift. 



I 



- 20 - 

tan ip = 1-28 o/c = 0.85 tan'V 

Fox a practical calculation, tre might make iCv«inT, ^"-^ corre- 
sponcL, since the induced drag corresponding to Cz for in 
is entirely negligible. 

3. The biconvex airfoil presents, in general, moderate but 
not negligible discontinuities even at angles of lift belov; 0.9. 
The cambered airfoil derived from this biconvex airfoil does not 
present such discontinuities. In order to calculate the effect 
of the relative o/c on the unita.ry drags, the experiment?.! drags 
of the biconvex airfoil should, therefore, be diminished by the 
amount of the p.dded drag due to the discontinuities. 1/Ye found 
that, for airfoil No. 13A, this value of Cx^ is practically 
equal to 1.2 Cz^. 

Effect of o/c on Cy. (difference between the polars) . - The 
relation found 

Cz, - = P - %)> 

enables the plotting of the unitary curves in terms of i, when 
we knovr Cz^ , % and cp,, as likewise the ratio %/<?! which is 
constant for a given series of airfoils. For a given value 
Cz^ = Cz , the induced drags are the same and the difference be- 
tween the ■ polars is- 

Ox, - = Cxp, - Cxp, + /Cxp, - ACxp,+ 

(Cxd> - Cx^J = (1 + 0.25 Cz) (Cxp, - CxpJ + (C^^ - G^^), 



I 
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"^e have seen that, when o/c does not exceed 6^, 

- Oxp. = 0.037 (If - I") 



We then have 



Ox, - - 0.037 (l + ^) (CP, - CP, ) -i- Cx^i, - 0^^^ 

the difference due to the airfoil section being very small. 

So long as Cx^^ - = 0, the polars v/ill toe regularly- 

staggered toward the right, in proportion as o/c increases, 

the stagger tending to increase slightly with Gz, for 

"Gz = 0 Gxg - GxQ = 0.037 X 8 = 0.296 = 3mm 

0x^3,^, Cx^g and Gx^, - Cx^^ generally differ, however, from 
zero. Cx(^i - ^x^^ may even become negative, when airfoil 2 at- 
tains the higher lifts for which the more arched airfoil 1 would 
be better adapted. These discontinuities cause the majority of 
the staggers between the polars. 

On several of the experimental polars, there is observed a 
point of increase. This increase occurs v/hen Og = about 1.14. 
At this point 

(OxcL, - Ox(i2) = 0.0475 (qp, - cp^). 
For airfoils whose o/c .is less than 6. 2"^, 

CxL_ - Cx_ = 0.407 - = 0.407 (cpj - cpa ) 

Gx, - Cxs = 0-407 (9, - %) + X 0.037 (cP, - cPs ) + ^Ji^'^y. 
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since , , 

ACxp, = 0.350 Oj.,, (Ox^Q + 0.C37 cp, ) 

ACxpg - 0.25 Cz^ (Cxpo + 0.037 %) 

= Cz X 0.25 X 0.037 (cf, - % ) 

whence 

Gx, - Gxs = (0.407 + 0.009 Cg) (c?, - ^s) + (Cx^j^^-Cx^^ 

Study of Discontin-uities . 

a) Discontinuities in the vicinity of zero lift .- We have 
seen that Cv . varies directly as o/c up to o/c = 6.2fc., 
but beyond this value the C- . given by 0.037 o/c rnust be 
increased by 0.37 (o/c - 6.8). This increase is due to disconti- 
nuities in the vicinity of the angle of zero lift. These discon- 
tinuities should rapidly diminish, when Cz increases slightly 
and the airfoil section is better adapted to the lifting flow, 
so that the value of the initial discontinuities takes the forai 
of 0.37 (o/o - 6.2) - N G^, 

In the case of the biconvex airfoil, we have seen that the 
discontinuities at sustaining speeds are at first of the form 
1.25 to Oz = 0.9, when they begin to increase much more rap 

idly. For other airfoils, the calculations already indicated 
render it possible to plot the curve of the C^^ against Gz 
or ''^e thus find that the discontinuities are zero or negli- 

gible up to values of as much larger as o/c is larger. 

The result of this study maj be represented by a simple relation 
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such as Cg^^ = 0.145 to 0.15 o/c 



On the unitary curves 0^3 = 0(1) we then ohserve that the 
angles of attack corresponding to the values of Ot;-- thus de- 

liD 

termined are exactly equal to arc tan 2 o/c (Fig. 2). Moreoverj, 
ve have 

Ozj^jj = 0,147 o/c = 0.043 x 0.75 2 o/c + 0.042 i 



7/henc e 
whenc e 



i - 6.147 - 0.065 o ^ 0.034 o 
0.042 c 0*042 c 



This simple relation expresses an important property of carnbered 
airfoil sections from the viewpoint of the origin of the discon- 
tinuities. 

Verification of the above on Dewoitine airfoills .- For 
these airfoils, we do not have the curves of the initial biconvex 
airfoil, but we can talce airfoil No. 13A, which has the same 
thickness. Under these conditions, it is seen that the miniTnum 
Cx of all these airfoils is greater than given b>y the formla 

Cy - = 0»8 + 0.037 o/c 

This shows that there are always initial discontinuities T/hich 
must be taken into account. Tife have, therefore, taken the values 
of ^x~(i±xi gi"^en by the formula and have found that for 
Airfoil No. 26A, Cx,^^^^ = 0.8 + 0.037 x 5 = 0.95 
" No. 27A " = 0.8 + 0.037 x 7-3 = 1.07 
" No. 28A " = 0.8 + 0.037 X 11,3 = 1.22- 
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We then calculated the resultant of the drags and plotted 
the polars of the discontinuities (Fipj. 6). The discontinuities 
fox airfoil 28A do not become zero, which proves that, by reason 
of the camber of the airfoil section, the initial discontinuities 
are maintained until the appearance of the posterior discontinui- 
ties. The origin of the latter appears to be characterized for 
the lifts Gg^ ■- 1,4 o/c corresponding to the angles 

ij^j) = 0-9 X 2 o/c. 

Lachass agne airfoils .- We assumed that the minimum Gx of 
airfoil E439 could be taken as the origin. Since this airfoil has 
a camber of 3.S6fo and = 1.14 for 0^ = 0.174, we have, for 

the initial biconvex airfoil, 

(1.14 - CxJ - (0.037 X 2.67) 

0 = i = 0-81 

1 + 0.25 X 0.17 

whence we deduced, for 

Airfoil No. E 429, Gx„ = 0.81 + 0.1 = 0.91 
" No. E 431, Ox« = 0.8 + 0.217 = 1.017 
" No. E 432, Cxp = 0.8 + 0.28 = 1.08 
" No. E 438, Cxp = 0.8 + 0.33 = 1.13. 

As above, we plotted the discontinuities (Fig. 4) according 
to the resultant of the drags, these polars being characterized by 

Ogp = 0.155 o/c 

with ^LD = ^'^ 
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In short, the polars of the posterior discontinuities are 
characterized in general by a limiting angle i^^ which varies 
"between 0.9 x 2 o/c and 1.2 x 2 o/c 

These polars have such a trend that they cannot be calculated. 
The present paper is simply for the purpose of establishing, by 
finding the resultant of the drags, the angle and lift at v/hich 
these posterior discontinuities appear. 

Effect of o/c on the Maximum Cg . 

If we plot the maximum values of Gg against o/c, we ob- 
tain, for the Royer, Dewoitine, and Lachassagne airfoils^ a group 
of three parallel straight lines, the Royer line lying between the 
other two (Fig. 7), and having for its equation 

The coefficient 5.6 wouH therefore be practically the same 
for all three series of airfoils and the constant at the origin 
(Czjjio) would be 111 for the Dewoitine airfoils and 90 for the 
Lachassagne. 

Mr. Margoulis indicated on p. 258 of No. 29 (June, 1923) of 
L'Aeronautique, a straight line v/hich cuts the R, D and L group. 
Its equation would be 

C» = 80 + 8.6 (o/c) 

After what we have already seen, the coefficient 8-6 would 
seem to be considerably too large. 
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Effect of the Camber on the Moments . 

It is Icnown that, according to the theory of supporting air- 
foils, the angular coeffioisnt of the straight lines representing 
Giji in teriiis of is equal to 0.25. 

If we examine these straight lines for the different Royer 
airfoils, we find tbey are actually parallel, with this same 
angular coefficient (0.5 in the case of the S.T.Ae. graphics), 
and differ only in the abscissa at their origin, i.e. in the 
value of OjjjQ of the moment at zero angle of lift. On repre- 
senting the values of C^q in terms of o/c, we obtain 
OraO = 1'88 o/c for the R, L and D airfoils. 

It follows that the straight lines of C-^ (within the lim- 
its where the initial and posterior discontinuities are small) 
can be plotted in advance from any airfoil by means of the formu- 
las = 100 c^Q and 

^yOq 0*25 Gz + 1'88 o/c (o/c in fo) 

Mr. Ifeirgoulis gave, in the above-mentioned paper, the varia- 
tions of OjfiQ in terms of the angle of the bisector of the ele- 
ments of egreee with the theoretical chord. He thus found 
CuiQ = 1.2a . 

This value, found as the mean for the many airfoils tested at 
Gottingen, is in accord with the value found by us, since, accord- 
ing to the figures indicated by Mr. Margoulis, we have 
o/o = 0.64 0., whence 1,88 o/c = 1.2a. The coefficient 1.88 
must, moreover, be a function of the thickness of the airfoil, as 
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indicated by Mr. Margoulis in his -oaper. 

Lastly, the '^mQ> thus calculated from experimental re- 
sults, appear to be in the same relation ?/ith the theoretical 
Ojqq as the experimental lifts: 

^^^Qexp- ^^•= 0.80 to 0.85. 
™Othe. ^the. 

If -ne imagine an airfoil automatically deformable (by con- 
struction or some suitable mechanism) , so that we may pass regu.- 
larly from the airfoil section with a small o/c to the section 
•with a large o/c, when Cg "must be increased, the straight 
line of the Ojji for this automatic airfoil will be more inclined 
to the axis of the G^. It will be such that v;e may have neutral 
or stable equilibrium, at will, according to the change made. 
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Royer series of airfoil sections derived from a 
symmetrical biconvex sectionc 

Fig.l. Continued on next page. 



Continuation of Fxg.l. 




Superposition of the different sections, at 
the respective angles, shovjing the deviations. 



Royer series of airfoil sections derived from 
a symmetrical biconvex section. 
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Fig. 2 



A = Theoretical C^, (Aspect xatio=co) 
B = Theoretical Cz, (Aspect ratio=6) 
C = Cx Experimental, (e.=6) 
B - i<x = arc tan, 2o/c. Czd=0.1^7 o/c. 
h. = Line of the angles and lifts of discontinuities, 
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Fig. 2 Effect of majciffium camber o/c on Cg. Results for Rover 
airfoils (S.T.Ae. I3A-2IA) 



Fig, 3 




Angle of attack, i=cic+i' 

H'ig, 3 Effect of maximum camber o/c on the C^. Res\£Lts for 
Royer airfoils (S.T.Ae, I3A - 21A) 
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Angle of attack, i =«c + i' Z' - 1 r «^ -. 4.? ^ 10. o/c* 

^ * Variations of C^-c^ plotted against'' 

G2-C = 5.S5 o7c 
"o 

Fig.^. Effect of rnaxii^um camber o/c on Cg. Relative results for 
Lacliassagneairfoils (£-^4-25 to ^4-32 and E-4-38). 



Fig„5 






A-Tneorctical biconvux airfoil 
B=Initial discontinuity 
C=Cz,„teOaJ4-0 o/c, i =^0,9 2o/c 




Vaxiations of.Cg-Cg plotted against o/ 

o 

/)C2=6.55 Ao/c 

Fig. 6 Effect of maximum camber o/c on Cg. Results for Devvoitine air- 
foils (S.T.Ae.25A to 2SA) 



Figs. 7 o: S 



Variations of maj-irnum Cg 

D=Dewoitine airfoils 
R=Royer airfoils 
L=Lachassagne airfoils 
5j=l.Iean values (Margoulis ) 
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